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Materials and Methods:  
Sublimation experiments. Films of L- and D-enantiomerically pure alanine and rac-13C-alanine were produced in 
the isotropic amorphous state onto VUV-MgF2 optical windows (Korth, Germany) using a purpose-built 
temperature- and pressure-controlled ultra-high vacuum (UHV) sublimation-condensation chamber.[17] Deposition 
was initialized at pressures of about 7‒9×10‒9 mbar in the UHV chamber. A 5-MHz quartz crystal microbalance 
allowed for the recording of deposition rates and thus facilitated production of alanine films with precise film 
thicknesses. Typical film thicknesses for anisotropy spectroscopy measured 100 to 700 nm while a constant film 
thickness of 300 nm was prepared for all asymmetrical photolyzed rac-13C-alanine films. The isotropic amorphous 
state of these films was verified by scanning electron microscopy (SEM, JEOL JSM-6700F) and the results are 
shown in Supplementary Figure 1.  
 
Anisotropy spectroscopy. Anisotropy spectra of amorphous solid-state alanine enantiomers[13] were recorded at 
the synchrotron radiation facility ASTRID, Aarhus University, Denmark using the UV[25] and the CD1[26] beamlines 
prior to the asymmetric irradiation experiments at synchrotron SOLEIL. Both the absorption A and its 
corresponding differential absorption ∆A were recorded simultaneously in the vacuum UV and UV spectral range 
to obtain g(λ) = ∆ε/ε = ∆A/A independent of film thickness and density. Conversion of the photodetector signal 
and its gain voltage to give absorption measurements were achieved using the method described in ref12 
comparing samples between the beam line and a calibrated photospectrometer (Evolution 300, Thermo). For the 
theoretical calculations of anisotropy spectra of zwitterionic alanine, the rotational strength and dipole strength 
were calculated using time dependent density functional theory (TDDFT) employing B3P86 hybrid functional in 
combination with the 6-31+G(d,p) basis set (Supplementary Figure 3).  
 
Irradiation Experiments. VUV circularly polarized synchrotron radiation was generated by the electromagnetic 
variable polarization undulator (OPHELIE2, HU640 type) at the DESIRS beamline[18] on the French storage ring 
SOLEIL. This produces high flux photons in the 5–40 eV range on the fundamental emission with tailored elliptical 
polarization. The beamline allows for fully calibrated quasi-perfect horizontal, vertical and circular polarizations, 
as measured using an in situ VUV polarimeter[19], with absolute polarization close to unity. The synchrotron 
radiation is filtered from its high harmonics using a low photon energy-pass absorption Xenon-filled gas filter to 
ensure a high spectral purity[27]. The bandwidth around the tunable central photon energy of the impinging 
circularly polarized photons, transmitted by the zeroth order of the monochromator’s grating, is 7 %, which 
corresponds to an integrated photon flux of about 1×1015 photons s–1 at the sample location. 
 Analytical procedure. Irradiated D,L-alanine-2,3-13C2 (Sigma Aldrich) samples (Figures 1c–f, Supplementary Figure 
6) and non-irradiated reference samples (Supplementary Figure 4) were extracted from their MgF2 windows with 
3 × 8.3 µL MilliQ water (4ppb TOC) followed by 3 × 8.3 µL of 0.2 M HCl and transferred into conical reaction vials 
(1 mL V-Vial®, Wheaton). To the extracted samples, 25 µL of a 2,2,3,3,4,4,4-heptafluoro-1-butanol/pyridine 
mixture (3:1, v/v) were added followed by 5 µL of ethyl chloroformate. Vials were capped tightly and shaken 
vigorously for 10 seconds to form N-ethoxycarbonyl heptafluorobutyl ester (ECHFBE) derivatives. Subsequently, 
20–30 µL of chloroform were added and the vials shaken again for extraction of the alanine ECHFBE derivatives 
into the organic phase. The organic phases were withdrawn and transferred into 1 mL GC vials equipped with 
100-µL inserts for enantioselective GC×GC analyses.  
The GC×GC Pegasus IV D system[20] is equipped with a time-of-flight mass spectrometer operated at a storage rate 
of 200 Hz, with a 50−400 amu mass range and a detector voltage of 1.8 kV. Data were processed using the LECO 
Corp ChromaTOFTM software. The column set consists of a Varian-Chrompack Chirasil-D-Val primary column 
(24.85 m × 0.25 mm ID, 0.08 µm film thickness) modulator-coupled to a DB Wax secondary column (1.4 m × 0.1 
mm ID, 0.1 µm film thickness). Helium was used as carrier gas at a constant flow of ū = 1 mL min–1. Sample 
volumes of 1 or 2 µL were injected in the splitless mode at an injector temperature of 230 °C. The primary oven 
was operated as follows: 40 °C for 1 min, 10 °C min–1, 80 °C for 3 min, 2 °C min–1, and 180 °C for 5 min. The 
secondary oven used a temperature program of 70 °C for 1 min, 10 °C min-1, 110 °C for 3 min, 4 °C min–1, 210 °C 
for 30 min, and a modulation period of 2.5 seconds was applied. The samples were alternately injected 4–10 
times in order to accurately determine ee values with reliable statistical error bars. Volume peak integration for 
both enantiomers was performed using software-based calculations, taking into account possible modulation-
induced errors. Potential 13C-contamination from biological and/or laboratory sources was investigated by 
analyzing a blank sample under identical analytical conditions (Supplementary Figure 5). 
 
 
Supplementary Figures & Notes:  
Figure S1│Morphology of a crystalline alanine film (top) and two amorphous alanine films (bottom) by scanning electron 
microscopy (SEM). Microcrystalline D,L-alanine was obtained by evaporation from a 45 mmol aqueous solution at 1 atm. Its 
microstructure (a–d) reveals a mixture of long, slender prisms and dominant long lath crystals with dendritic scaffolds (pink 
false color). In contrast, no distinct morphologies are visible in the selected SEM patterns of amorphous agglomerates of 
D,L-alanine (e, g, i, k) and L-alanine (f, h, j, l) deposited on MgF2 windows using a temperature- and pressure-controlled ultra-
high vacuum chamber.  
  
 
Figure S2│Anisotropy spectra of isotropic amorphous alanine enantiomers in the VUV and UV spectral regions. Solid lines 
represent the mean anisotropy spectra g(λ) of several individual films of L-alanine (a) and D-alanine (b) enantiomers (dotted 
lines) that are used to predict inducible enantiomeric excesses by asymmetric photodestruction using CPSR. Each angle-
averaged anisotropy spectrum (dotted lines) of enantiopure L- and D-alanine was recorded using circularly polarized 
synchrotron radiation (CPSR) at ISA, Centre for Storage Ring Facilities, Aarhus, Denmark. The different amorphous amino acid 
films were turned around the axis of CPSR and differential absorption and absorption spectra were measured at 0°, 90°, 180°, 
and 270°. A temperature- and pressure-controlled ultra-high vacuum sublimation-condensation chamber was used to 
condense alanine enantiomers as isotropic amorphous films onto VUV-MgF2 optical windows. Scanning electron microscope 





To minimize birefringence effects the MgF2 windows, which served as amino acid substrate, were cut 
perpendicular to the c axis of a single MgF2 crystal. Blank differential absorption ∆A and absorption A spectra 
were measured for the clean MgF2 window, to subtract optical distortion of components in our experimental set-
up from the corresponding sample’s spectra. The isotropic amorphous amino acid film on the MgF2 support was 
rotated around the axis of the electromagnetic synchrotron radiation, and, ∆A and A were measured at 0°, 90°, 
180° and 270°. The differential absorption and absorption spectra recorded at these four rotational angles were 
nearly identical, allowing us to exclude any interfering effects due to linear dichroism and linear birefringence.[28] 
Angle-averaged anisotropy spectra of different isotropic amorphous L-alanine and D-alanine films are given as 




Figure S3│Calculated anisotropy spectra g(λ) of zwitterionic L-alanine (a) and D-alanine (b) in the vacuum UV and UV 
spectral region. The configuration of alanine was averaged over 12 different nuclear configurations at 293 K using Boltzmann 
law. The configurations were obtained by varying two internal rotation angles: Φ, which corresponds to the angle between 
the plane of the carboxylate group COO
–
 and the fixed C–C–N-plane; and θ, which corresponds to the angle between an HNC 
plane (H from the ammonium group) and the fixed COO
–
-plane.  For each value of Φ (0°, 30°, 60°, 90°, 120°, 150°), we also 




































































Φ = 0 
Φ = 60 
Φ = 120 
Φ = 30 
Φ = 90 

























To our knowledge, these theoretical results represent the first attempt to calculate the anisotropy factor g of an 
optically active molecule. The geometry of zwitterionic L-alanine given in ref[29] was used as a starting point for 
our calculations. Additional nuclear configurations were obtained through internal rotation of the plane of the 
carboxylate group COO– with respect to the C–C–N-plane by angle Φ and by rotating the ammonium group NH3
+  
by angle θ = 0° (staggered) and θ = 60° (eclipsed conformation with respect to the C-atom of the carboxylate 
group ). For each nuclear configuration, the first 50 excited states above the ground state (i.e. all electronic states 
up to about 130 nm) were calculated by TDDFT as implemented in the Gaussian 03 computer code.[30] In order to 
describe cations, polarization orbitals are known to be necessary. Similarly, a proper description of anions 
requires diffuse basis functions. So, we have chosen to use the 6-31+G(d,p) split-valence basis set. The same basis 
set was employed in ref[15] to compute the ECD spectrum of L-alanine. In contrast, we preferred to use the B3P86 
hybrid functional instead of the B3LYP functional, because it seems to better match the theoretical spectra with 
the experimental data.  
For each transition from the electronic ground state “o” to the ith excited state, anisotropy factors were 
calculated by forming the ratio (in cgs units), 
            
         
        
,                  (S1) 
where     is the rotational strength and    the module of the electric dipole transition moment. Note that we 
have used the rotational strength values in the velocity gauge, which are independent of the choice of the 
magnetic gauge origin. Formula (S1) holds for randomly oriented molecules and can be derived from first order 
time dependent perturbation theory[31]. It implies the neglect of quadrupolar transitions. Formula S1 also relies on 
the cancellation of the intrinsic effect of the refractive index by the internal field dependence[31]. 
Each g-peak was then convoluted by a Gaussian function centrered on the corresponding transition energy, 
         (in eV), shifted by 0.6 eV, with a width of 0.4 eV. This energy shift was selected to adjust the main 
negative peak of the lowest energy configuration to the experimental curve of L-alanine. This blue shift is the 
same as the one adjusted on an ECD spectrum in ref[15]. The width is similar to that determined empirically[15] of 
0.33 eV. Finally, the contributions arising from different nuclear configurations corresponding to different Φ and θ 
angles in set                              and            were considered according to probabilities 
       so that the anisotropy factor at energy, E (in eV), is: 
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The probabilities        were determined according to Boltzmann law at T = 293 K: 
       
 
       
  
    
       
        
                 (S3) 
This averaging procedure has proved essential for obtaining a general shape that matches the shape of the 
experimental curve, indicating that the film contains a mixture, either static or dynamic, of all low energy 
conformations of the molecule. Although the nuclear configuration of Φ = 60° is not the most energetically 
favoured configuration according to the TDDFT calculations, its contribution correlates most strongly to the 
experimental curve. In contrast, the dihedral angel Φ (N–C–C–O) in the crystal structure of zwitterionic L-alanine 
has been determined by neutron diffraction to be ‒19°.[32] 
The function plotted in Figure S3 is g (1239.84187/λ) where λ is the wavelength (in nm) corresponding to an 








Figure S4│Photolysis rate determination using non-irradiated reference samples. (a, b) Enantioselective two-dimensional 
gas chromatographs (GC×GC) depicting rac-
13
C-alanine samples derivatized as N-ethoxycarbonyl heptafluorobutyl esters. 
Enantiomers were resolved on a 25 m Chirasil-D-Val coupled to a 1.4 m DB Wax by a modulation time of Pm = 2.5 s and 
detected using time-of-flight mass spectrometry. The atomic mass unit m/z = 118 was used for identification and volume-
peak quantification of 
13
C-alanine enantiomers.   
 
 
Based on our analysis of amino acid standards taken through the entire extraction and derivatization procedure, 
we found no evidence of significant decomposition, racemization, or thermal degradation of alanine during the 
analytical protocol. For calculating the extent of reaction ξ, we produced non-irradiated reference films of 
amorphous rac-13C-alanine of thicknesses comparable with the photolyzed samples prior irradiation using the 
ultra-high vacuum sublimation-condensation chamber. Non-irradiated films were extracted, derivatized, and 
analyzed in the exact same manner as irradiated samples using enantioselective two-dimensional gas 
chromatography coupled to time-of-flight mass spectrometry (GC×GC–TOFMS). Even though, the linearity of the 
TOFMS instrument is about 105, both non-irradiated reference samples were diluted by a factor of 100 and 
subsequently analyzed (Figure S4) to calculate ξ. Note that some irradiated samples were beyond the linear 
dynamic range due to their very low quantities. 
Potential 13C-contamination from biological and/or laboratory sources was determined by analyzing a blank 
sample under identical analytical conditions as irradiated and non-irradiated samples. Figure S5 shows the 
GC×GC–TOFMS chromatogram of the blank sample, in which alanine is clearly absent. 
 
 
Figure S5│Blank sample. (a) Representative enantioselective GC×GC–TOFMS chromatogram of the blank sample submitted 
to the entire analytical protocol. Atomic mass unit 118 was selected for the above representation and the primary 
temperature program was: 40 °C for 1 min, ramp to 80 °C (3 min) at 10 °C min
–1
, followed by 2 °C min
–1
 to 120 °C, and finally 
20 °C min
–1 
to 180 °C (5 min). The secondary oven was operated with the same temperature program but with a temperature 
offset of 30 °C and a modulation period of Pm = 4 s was applied. (b) Reduced z-scaling illustrates the absence of alanine and 
other amino acids in the blank sample. Due to the modulator-driven second dimension both the solvent and the column 


































































Figure S6│Energy- and polarization-dependent CPL-induced asymmetric photolysis. (a-d) Close-up of the multidimensional 
enantioselective gas chromatographic (GC×GC) resolution of 
13
C-alanine enantiomers after irradiation with CPL of different 
polarization and at different photon energies for 2.5 h. Isotropic amorphous rac-
13
C-alanine films were condensed onto VUV-
MgF2 optical windows and irradiated with (a) left-handed CPL (l-CPL) and (b) right-handed CPL (r-CPL) at 6.19 eV (200 nm) 
yielding opposite enantiomeric excesses (ee) after asymmetric VUV photolysis, i.e. an ee of L-alanine induced by l-CPL (a) and 
an ee of D-alanine induced by r-CPL (b). According to alanine’s anisotropy spectra, CPL-irradiation of amorphous rac-
13
C-
alanine films at photon energy 6.74 eV (184 nm) resulted in reverse sign of the ee values induced by (c) r-CPL and (d) l-CPL 
thus with the opposite helicity of incident cp light compared to CPL-irradiation at 6.19 eV. 
The GC×GC resolution of irradiated 
13
C-alanine enantiomers derivatized as N-ethoxycarbonyl heptafluorobutyl esters was 
achieved using a 25 m Chirasil-D-Val coupled to 1.4 m DB Wax by a modulation time of Pm = 2.5 s. Due to the chromatograms’ 
second dimension the alanine enantiomers were not only baseline separated but were also separated from both the solvent 
and the column bleeding. The atomic mass unit 118 was used for identification and volume-peak quantification of irradiated 
13
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